Objective: To describe the effect of maternal vaccination on birth outcomes in rural Nepal, modified by timing of vaccination in pregnancy and influenza virus activity.
| INTRODUCTION
In 2010, influenza infection accounted for 19 200 000 disabilityadjusted life years worldwide. 1 Pregnant women are at particularly high risk of complications from influenza infection.
2 WHO recommends vaccination for pregnant women. 3 One study showed markedly increased innate and adaptive immune responses to the influenza vaccine when comparing pregnant with non-pregnant women, 4 suggesting that these responses might underpin increased rates of morbidity and mortality among pregnant women. Furthermore, worse health outcomes resulting from influenza infection has been reported during late stages of pregnancy than during early stages. 5 Maternal influenza infection has also been linked with fetal growth restriction, preterm delivery, and fetal loss. 6 Neonates born growth restricted and/or preterm are likely to experience both immediate and long-term health consequences.
Those born small-for-gestational-age (SGA)-a proxy for fetal growth restriction-experience increased risk of neonatal and infant mortality, stunted growth, and chronic disease in adulthood. 7, 8 Likewise, those born preterm have increased risk of neonatal and infant mortality, as well as cognitive and motor impairments. 8, 9 Observational studies and randomized controlled trials (RCTs) exploring the effect of maternal influenza vaccination on rates of SGA and preterm delivery have reported mixed findings. [10] [11] [12] [13] [14] [15] The Nepal Mothers' Gift Trial was an RCT of maternal influenza vaccination with two annual cohorts of pregnant women residing in a rural area of this country. 15, 16 The primary outcomes were maternal influenza-like illness, infant influenza infection, and low birth weight (LBW; defined as <2500 g). Inconsistent results were found between the two annual cohorts; however, protective effects were reported in at least one of these cohorts for all outcomes assessed.
15
The aim of the present analysis was to present further details of the effect of maternal influenza vaccination on birth weight and pregnancy length among participants enrolled in the Nepal Mothers' Gift
Trial. The effect of maternal vaccination on birth outcomes and its modification by pregnancy length at which vaccination was given and by influenza virus activity were assessed. These issues are particularly important to address in locations with year-round influenza circulation to determine the ideal timing of maternal vaccination.
| MATERIALS AND METHODS
A secondary analysis was performed using the data from an RCT that examined the efficacy of influenza immunization on the incidence of respiratory illness and laboratory-confirmed influenza infection among pregnant women and their neonates, with 6 months of postpartum follow-up. 15 The participants were instructed to notify study staff immediately after delivery, at which time a staff member visited the household to collect data on maternal, fetal, and neonatal status, as well as morbidities and conditions during labor and delivery.
The main outcome measures were birth weight and pregnancy length at delivery, and dichotomous variables LBW, preterm delivery (<37 weeks), and SGA. Only neonatal weights taken within 72 hours of delivery were included; when weight was taken beyond 72 hours, data on pregnancy length could still be contributed. A birth weight lower than the 10th percentile of the sex-specific and gestationalage-specific INTERGROWTH-21st birth weight standard 18 was used to define SGA. Neonates at or above the 10th percentile were categorized as appropriate-for-gestational-age (AGA).
The data were analyzed using Stata version 13 (StataCorp, College Station, TX, USA). The distribution of birth weight and pregnancy length at delivery was summarized by vaccination group. The data were also stratified by the formulation of the vaccine the mother received. The infants were categorized by creating mutually exclusive categories of delivery weight and pregnancy length as follows: term-AGA-not LBW, term-AGA-LBW, term-SGA-not-LBW, term-SGA-LBW, preterm-AGAnot-LBW, preterm-AGA-LBW, and preterm-SGA (Fig. S1 ).
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T A B L E 1 Description of analyses.
Objective Regression model

Independent variable(s) of interest
Dependent variable of interest
Stratified analyses
Determine association between maternal influenza or influenza-like illness and birth outcome • Stratified by whether the mother had 0 to <25%, 25 to <50%, 50 to <75%, or 75 to ≤100% of their 3rd trimester exposed to high circulation
• Examined the interaction between exposure to high influenza circulation (percentage of 3rd trimester exposed to high influenza circulation) and vaccination and subsequently stratified the circulation analyses by when women were vaccinated in pregnancy (<26, 26 to <30, or ≥30 wk)
Abbreviations: LBW, low birth weight; SGA, small for gestational age; AGA, appropriate for gestational age.
a Analysis treated as observational study. Remaining analyses treated as randomized controlled trial.
b
Adjusted for parity, maternal height, infant sex, seasonality of time of birth, and mother's age at first marriage.
c Each calendar week of the study period was categorized as high, low, or no influenza circulation. High circulation was defined as ≥0.25% of all enrolled mothers or infants contributing morbidity data that week testing positive for influenza, low circulation as >0% to <0.25%, and no circulation as 0%.
occurred within 2 weeks of the mothers receiving the vaccine were excluded from the present analysis on the assumption that immunologic protection after vaccination requires 2 weeks for full effect. Among the 2741 women whose newborns were weighed within 72 hours of delivery, 31 (1.1%) had at least one laboratory-confirmed influenza episode during pregnancy whereas 2710 (98.9%) did not.
Additionally, 175 (6.4%) women experienced at least one episode of influenza-like illness during pregnancy, whereas 2566 (93.6%) did not. The birth weight distribution in the placebo and vaccination groups is presented in Table 2 and Figure S4 . Greater differences in birth weight between the placebo and vaccination groups were seen during periods of more intensive A/H1N1 or B/Yamagata circulation (data not shown).
As previously reported, 15 influenza vaccination increased mean birth weight by 42 g (95% CI 8-76) but had no effect on pregnancy length (difference 0.07 weeks, 95% CI −0.09 to 0.24). A statistically significant reduction was found for LBW (adjusted risk ratio 0.85, 95% CI 0.75-0.97) but not for SGA or preterm birth. 15 The breakdown of neonates by SGA, preterm, and LBW is shown in Table 3 . Compared with the placebo group, the vaccinated group had a greater proportion of infants in the term-AGA category (the lowest mortality risk) and lower proportions in the high-risk categories (term-SGA-LBW, preterm-AGA-LBW, and preterm-SGA). The results of the regression analyses reflected these reductions, but were not statistically significant (Table 3 ). Figure 1 displays the bimonthly mean birth weight in the placebo and vaccinated groups versus weekly influenza virus circulation. Figure   S5 shows the same graph but with circulation levels stratified by the type of influenza virus. Generally, there were patterns of increased differences in birth weight, comparing vaccination with placebo, at times of high circulation for each viral strain.
With regard to secular trends, the mean birth weight increased by 5 g (95% CI 2-8) per month for the placebo group and 7 g (95% CI 4-10)
per month for the vaccinated group through the course of the study. Table S2 The vaccination effect on birth weight was stratified by exposure to high levels of influenza virus circulation in the third trimester (Table 4) .
Although none of the birth weight effects remained statistically significant, the data were indicative of a dose-response pattern. Namely, the greater the proportion of the third trimester exposed to high influenza circulation, the greater the magnitude of birth weight gain associated with vaccination (Table 4 ). This dose-response pattern could be observed when the analysis was limited to women who were vaccinated before 26 weeks, but the effects were not statistically significant (Table 4) .
When stratifying by timing of vaccination in pregnancy, an increase in birth weight was seen in each category, but was only statistically significant among women vaccinated before 26 weeks (48 g, 95% CI 6-90) ( Table 4) .
A dose-response relationship between exposure to high influenza circulation and pregnancy length was observed but was not statistically significant (Table S3 ). However, a statistically significant increase in pregnancy length was found among mothers who were vaccinated between 26 weeks and less than 30 weeks, when at least half of their third trimester had been exposed to high influenza virus circulation. When removing the circulation stratification, there was a statistically significant positive effect on pregnancy length among those vaccinated between 26 weeks and less than 30 weeks, but not for those vaccinated before or after that time (Table S3) .
When the proportion of a pregnancy's third trimester exposed to high influenza virus circulation was examined as a continuous variable, vaccination during periods of greater influenza virus circulation had a greater positive effect on birth weight than vaccination during periods of lower influenza virus circulation, but the effect modification was not statistically significant. A positive trend of increased pregnancy length was observed among vaccinated individuals with greater third trimester exposure to influenza circulation than with lower third trimester exposure; however, the effect modification was not statistically significant (data not shown). 
| DISCUSSION
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Vaccinated ( Abbreviations: RRR, relative risk ratio; AGA, appropriate for gestational age; LBW, low birth weight; SGA, small for gestational age.
a Preterm-SGA infants were all LBW.
F I G U R E 1 Mean birth weight in relation to influenza virus circulation. and an analysis of the 1918 influenza pandemic found excess risk of cardiovascular disease among individuals born during this pandemic.
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The present study found a substantial reduction in preterm-SGA incidence among vaccinated mothers. Preterm-SGA infants experience the highest risk of neonatal and postneonatal mortality. Asian data that were comprised predominantly of South Asian studies showed a 17-fold increase in neonatal mortality risk when comparing preterm-SGA with term-AGA infants. 8 Rates of stillbirth have also been reported to be higher among growth-restricted and/or preterm fetuses. 26 Although the present sample size was not large enough to detect differences
The effect of vaccination on birthweight (in g), stratified by extent of third-trimester exposure to high influenza circulation and timing of vaccination in pregnancy. in neonatal mortality, a protective effect against mortality might be expected with the reduction in the proportion of preterm-SGA infants.
The present study could not determine what period in pregnancy would be associated with the largest effect from exposure to influenza virus. Given that the greatest fetal weight gain occurs late in pregnancy, 27 the present study focused on such exposure during the third trimester; however, exposure at an earlier stage in pregnancy could trigger inflammatory responses that affect other health outcomes.
In attempting to understand the interaction between seasonality of influenza virus circulation and the stages of pregnancy, the present study could not definitively identify an ideal time for maternal influenza vaccination. Additionally, the viral surveillance performed might have been limited because nasal swabs for influenza testing were taken only among women who reported a febrile respiratory illness.
In conclusion, maternal influenza vaccination exerted the greatest effect on birth weight among pregnant women who were exposed to high influenza virus circulation during the third trimester. A strategy of seasonal maternal influenza vaccination in resource-limited settings could potentially increase birth weight during periods of high influenza circulation. Taking into consideration the barriers to providing yearround vaccination, it may be possible to target key times of the year to maximize the impact on birth outcomes.
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Additional Supporting Information may be found online in the supporting information tab for this article. Table S1 . Birth weight distribution (restricted to those measured within 72 hours of birth), comparing women who had influenza or influenza-like illness during pregnancy with those who did not. Appendix S1. Influenza vaccine type.
